Abstract: Cap-rock integrity is an important consideration for geological storage of CO 2 . While CO 2 bearing fluids are known to have reactivity to certain rock forming minerals, impurities including acid gases such as SOx, NOx, H 2 S or O 2 may be present in injected industrial CO 2 streams at varying concentrations, and may induce higher reactivity to cap-rock than pure CO 2 . Dissolution or precipitation of minerals may modify the porosity or permeability of cap-rocks and compromise or improve the seal. A calcite cemented cap-rock drill core sample (Evergreen Formation, Surat Basin) was experimentally reacted with formation water and CO 2 containing SO 2 and O 2 at 60 • C and 120 bar. Solution pH was quickly buffered by dissolution of calcite cement, with dissolved ions including Ca, Mn, Mg, Sr, Ba, Fe and Si released to solution. Dissolved concentrations of several elements including Ca, Ba, Si and S had a decreasing trend after 200 h. Extensive calcite cement dissolution with growth of gypsum in the formed pore space, and barite precipitation on mineral surfaces were observed after reaction via SEM-EDS. A silica and aluminium rich precipitate was also observed coating grains. Kinetic geochemical modelling of the experimental data predicted mainly calcite and chlorite dissolution, with gypsum, kaolinite, goethite, smectite and barite precipitation and a slight net increase in mineral volume (decrease in porosity). To better approximate the experimental water chemistry it required the reactive surface areas of: (1) calcite cement decreased to 1 cm 2 /g; and, (2) chlorite increased to 7000 cm 2 /g. Models were then up-scaled and run for 30 or 100 years to compare the reactivity of calcite cemented, mudstone, siderite cemented or shale cap-rock sections of the Evergreen Formation in the Surat Basin, Queensland, Australia, a proposed target for future large scale CO 2 storage. Calcite, siderite, chlorite and plagioclase were the main minerals dissolving. Smectite, siderite, ankerite, hematite and kaolinite were predicted to precipitate, with SO 2 sequestered as anhydrite, alunite, and pyrite. Predicted net changes in porosity after reaction with CO 2 , CO 2 -SO 2 or CO 2 -SO 2 -O 2 were however minimal, which is favourable for cap-rock integrity. Mineral trapping of CO 2 as siderite and ankerite however was only predicted in the CO 2 or CO 2 -SO 2 simulations. This indicates a limit on the injected O 2 content may be needed to optimise mineral trapping of CO 2 , the most secure form of CO 2 storage. Smectites were predicted to form in all simulations, they have relatively high CO 2 sorption capacities and provide additional storage.
Introduction
Cap-rocks traditionally act as low porosity and permeability structural seals of CO 2 plumes stored geologically in high porosity reservoirs. Cap-rocks consisting of shales, mudstones, siltstones, 
Materials and Methods
Drill core was sampled at 1056.10-1056.18 m KB from the Evergreen Formation of the West Wandoan 1 well (latitude −26.181622, longitude 149.812422) in the Surat Basin ( Figure 1 ). This core depth section has been characterized mineralogically previously (Table 1 ) [29] . Reported reservoir temperature and pressure near this well are ~60 °C and 120 bar. A 1.5 cm 3 cube, a block and offcuts were cut from the core. Unstressed N2 gas permeability was performed on the cube in the vertical and two horizontal directions, with the methods described previously [30] . Brine permeability was also attempted but was below the resolution of the technique (<0 mD). Scanning electron microscopy with energy dispersive spectroscopy (SEM EDS) was performed on uncoated block surfaces before and after reaction on a JEOL JSM-6460LA environmental SEM with a Minicup EDS, and a TM3030 with a Brucker EDS. In addition the block was broken after reaction and the inner surfaces surveyed with SEM EDS. Disaggregated grains collected from the bottom of the reactor were dried, fixed to a carbon stub, and also analyzed by SEM-EDS. After reaction the core offcuts were also dried and crushed, and powder X-ray diffraction (XRD) performed with the methods reported elsewhere [30] .
For reaction, the core blocks and offcuts (6.27 g) were submerged in 100 mL of a low salinity water with 1500 mg/kg NaCl in reactors based on Parr vessels. The reactors and general methods have been reported previously in detail and so are only briefly described below [31] . The rectors were maintained at 60 °C, purged of air, and pressurized to 120 bar initially with inert N2 gas to perform a water-rock soak and obtain a baseline water measurement. After 7 days, the reactors were sampled and depressurized, then repressurised to 120 bar with a gas mixture containing 0.2% SO2, 2% O2 and a balance of CO2. At this temperature and pressure CO2 was in a supercritical state. The experiment was then run for 720 days and fluid sampled periodically. After the reaction, the reactor was depressurized, and the remaining fluid (referred to as quench) was sampled. Solution pH and conductivity were immediately measured on fluid sampling. The degassing of CO2 on sampling will 
Drill core was sampled at 1056.10-1056.18 m KB from the Evergreen Formation of the West Wandoan 1 well (latitude −26.181622, longitude 149.812422) in the Surat Basin ( Figure 1 ). This core depth section has been characterized mineralogically previously (Table 1 ) [29] . Reported reservoir temperature and pressure near this well are~60 • C and 120 bar. Table 1 . Quantified minerals in the cap-rock from 1056.10-1056. 18 m. Where QEMSCAN was previously reported on two adjacent sub-plug slices [29] and is reported in area %. XRD was performed on a powdered section of the whole core, and also on the subsample after reaction, reported in wt. %. * Fe-rich chlorite/chalmosite. 1 Includes minerals unclassified or in trace amounts, and organic matter.
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4 of 24 A 1.5 cm 3 cube, a block and offcuts were cut from the core. Unstressed N 2 gas permeability was performed on the cube in the vertical and two horizontal directions, with the methods described previously [30] . Brine permeability was also attempted but was below the resolution of the technique (<0 mD). Scanning electron microscopy with energy dispersive spectroscopy (SEM EDS) was performed on uncoated block surfaces before and after reaction on a JEOL JSM-6460LA environmental SEM with a Minicup EDS, and a TM3030 with a Brucker EDS. In addition the block was broken after reaction and the inner surfaces surveyed with SEM EDS. Disaggregated grains collected from the bottom of the reactor were dried, fixed to a carbon stub, and also analyzed by SEM-EDS. After reaction the core offcuts were also dried and crushed, and powder X-ray diffraction (XRD) performed with the methods reported elsewhere [30] .
For reaction, the core blocks and offcuts (6.27 g) were submerged in 100 mL of a low salinity water with 1500 mg/kg NaCl in reactors based on Parr vessels. The reactors and general methods have been reported previously in detail and so are only briefly described below [31] . The rectors were maintained at 60 • C, purged of air, and pressurized to 120 bar initially with inert N 2 gas to perform a water-rock soak and obtain a baseline water measurement. After 7 days, the reactors were sampled and depressurized, then repressurised to 120 bar with a gas mixture containing 0.2% SO 2 , 2% O 2 and a balance of CO 2 . At this temperature and pressure CO 2 was in a supercritical state. The experiment was then run for 720 days and fluid sampled periodically. After the reaction, the reactor was depressurized, and the remaining fluid (referred to as quench) was sampled. Solution pH and conductivity were immediately measured on fluid sampling. The degassing of CO 2 on sampling will however have resulted in the pH rising as dissolved CO 2 exsolves in ex situ samples. Therefore the experimental measured pH will be higher than the in situ and predicted pH. Sampled fluid was filtered, diluted ten times, and acidified with ultrapure nitric acid for analysis by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) with a Perkin Elmer Optima 3300DV and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) as described previously [32] . Selected sample aliquots were not acidified and analyzed for bicarbonate alkalinity by titration, and sulphate and chloride concentrations by ion chromatography (ALS environmental). The bicarbonate concentration can be expected to represent a maximum value owing to CO 2 degassing. No precipitated carbonates were identified in sampled waters.
The experiment was also geochemically modelled at 60 • C using the react module of Geochemist Workbench 9 (GWB) and a thermodynamic database based on the EQ3/6 database [33, 34] . The experimental N 2 -water-rock soak data was used as the initial water chemistry for 100 mL of fluid, and the mass of minerals determined in the core supplemented by SEM-EDS information for the reacted subsample (Table 2 "Exp WW1CalCem"). The methods are similar to those described in detail previously, with the fugacity of CO 2 calculated for 60 • C and 120 bar from the work of Duan and Sun, with a mass of SO 2 and an O 2 fugacity to approximate the experiment data (e.g., the dissolved sulphate concentration) [31, 35] . The input kinetic and thermodynamic parameters are given in Table 2 and Supplementary Material and are from published sources [36] [37] [38] [39] [40] . Minerals were input as script files, with an Fe-rich chlorite (Fe:Mg 3:1), ordered ankerite (Ca:Fe:Mg 1:0.7:0.3), and siderite (Fe:Mg 0.9:0.1) composition most closely representing those minerals observed in drill core [31] . The reactive surface areas were modified to improve the prediction of the experimental water chemistry. The initial mineral surface areas were based on a geometric calculation from SEM observations of grain size and morphology [41] . These were decreased to account for surface coating and armouring as described previously [31] . Reactive surface areas of minerals were then increased or decreased to improve the fit to the experimental water chemistry. The minerals observed to be corroded or that dissolved completely during the experiment via SEM observations guided the changes. Calcite mainly controlled the Ca concentration, and in this case mainly chlorite controlled the Fe and Mg concentrations. Illite, plagioclase, kaolinite and K-feldspar surface area modification additionally improved the Si, Al and K concentrations. The final reactive surface areas values used are in Table 2 , the pre-exponential crystal nucleation factors Г were also modified for kaolinite and goethite with the values used in Supplementary Material (Table S1) . Table 2 . Reactive surface areas and mineral proportions used in geochemical models. * As are the initial reactive surface areas assigned to each mineral. Asmod are the modified reactive surface areas to model the experiment data. Asres are the up-scaled reactive surface areas. # Used for precipitation only.
As Geochemical models were also run at 60 • C for an upscaled calcite cemented caprock with the mineral input from XRD data for 10 kg of rock, with an amount of fluid added to occupy the pore space from the measured rock porosity (Table 2 " WW1 CalCem", and Supplementary Material) as described elsewhere [42] . Reactive surface areas were upscaled by decreasing by a factor of 10-100 based on methods described elsewhere [27, 42] . The water chemistry used was from published data equilibrated with the minerals [22] . The mudstone cap-rock "WW1 MudS" input data is from 981 m drill core from the same well (West Wandoan 1) and this model was also run at the same PT conditions.
The siderite cemented and shale cap-rocks "Cab1SidCem" and "Cab1Shale" are based on drill core data from the Cabawin 1 well in the deeper part of the Basin [43] . These were run at 70 • C with a fugacity of CO 2 for 200 bar pressure based on reported pressure and temperature data for this well [44] . The water chemistry was based on published water chemistry data equilibrated with the rock, and the porosities given in Supplementary Material [22] .
Results

Calcite Cemented Caprock
The sampled drill core was previously characterized by XRD, and sub-plug slices by QEMSCAN, and contains mainly quartz, plagioclase, K-feldspar, illite and calcite (Table 1) [29, 30] . Micro CT porosities of sub-plugs from this core depth section were previously reported at 4.4-6.8%, helium porosity at 6.8%, and mercury intrusion porosity of adjacent material at 8.2% [25] .
Experimental Results
The N 2 permeabilities of the core cube were low at 0.96 mD vertical, 1.28 mD horizontal, and 2.55 mD horizontal.
SEM-EDS before reaction showed calcite cemented framework grains, with the calcite EDS signatures indicating trace Mn and Fe content (Figure 2 ). Pore filling clays including illite and Fe-Mg-chlorite were partly covered by the calcite. Trace amounts of sphalerite or ZnFeS, organic matter, Ti-oxide, and apatite were occasionally present ( Figure 2E ). Both a Na-plagioclase albite, and Ca-Na-plagioclases close to oligoclase and andesine compositions were observed. SEM-EDS before reaction showed calcite cemented framework grains, with the calcite EDS signatures indicating trace Mn and Fe content (Figure 2 ). Pore filling clays including illite and Fe-Mgchlorite were partly covered by the calcite. Trace amounts of sphalerite or ZnFeS, organic matter, Tioxide, and apatite were occasionally present ( Figure 2E ). Both a Na-plagioclase albite, and Ca-Naplagioclases close to oligoclase and andesine compositions were observed. After reaction, on the outer rock cube surface, calcite cement had been dissolved exposing framework grains and pore filling clays ( Figure 3A-D) . Some chlorite and illite surfaces appeared altered; however other framework silicates did not show obvious corrosion features. A Ca-sulphate mineral was occasionally observed growing from the pore space formed by calcite dissolution, and After reaction, on the outer rock cube surface, calcite cement had been dissolved exposing framework grains and pore filling clays ( Figure 3A-D) . Some chlorite and illite surfaces appeared altered; however other framework silicates did not show obvious corrosion features. A Ca-sulphate mineral was occasionally observed growing from the pore space formed by calcite dissolution, and barite crystals were mainly clustered on those precipitates ( Figure 3E ,F, and Supplementary Material Figures S3 and S5 ). On the inner cube surface, calcite cement had also been dissolved ( Figure 4A ). Chlorite near the outer edges of the cube had a corroded appearance, with material precipitated on it ( Figure 4D ). Precipitated coatings on framework grains were present, including with a smectite-like morphology ( Figure 4C ). Barite crystals were also present over the surfaces ( Figure 4D and Supplementary Material). A precipitated Si-Al layer covered grains on inner cube surfaces and was occasionally intermingled with barite crystals indicating that at least part of the barite had precipitated during the reaction rather than on reactor depressurization ( Figure 5A,D,E) . Again a Ca-sulphate mineral had On the inner cube surface, calcite cement had also been dissolved ( Figure 4A ). Chlorite near the outer edges of the cube had a corroded appearance, with material precipitated on it ( Figure 4D ). Precipitated coatings on framework grains were present, including with a smectite-like morphology ( Figure 4C ). Barite crystals were also present over the surfaces ( Figure 4D and Supplementary Material). A precipitated Si-Al layer covered grains on inner cube surfaces and was occasionally intermingled with barite crystals indicating that at least part of the barite had precipitated during the reaction rather than on reactor depressurization ( Figure 5A ,D,E). Again a Ca-sulphate mineral had precipitated "growing" out of the formed pore space and was in higher abundance on the inner surfaces ( Figure 5B ,C). Occasionally illite had a skeletal or corroded appearance indicating that it had been altered ( Figure 5F ).
precipitated "growing" out of the formed pore space and was in higher abundance on the inner surfaces ( Figure 5B ,C). Occasionally illite had a skeletal or corroded appearance indicating that it had been altered ( Figure 5F ). Disaggregated grains collected from the bottom of the reactor had Fe-oxide coatings, and occasional barite crystal coatings (Supplementary Material FigureS6) . Reacted core offcuts were analyzed by XRD which indicated a total loss of calcite, and formation of a smectite (montmorillonite) phase and kaolinite (Table 1) . It should be noted however that the smaller changes may also be affected by rock heterogeneity. No Ca-sulphate minerals were detected but these were likely below detection. Disaggregated grains collected from the bottom of the reactor had Fe-oxide coatings, and occasional barite crystal coatings (Supplementary Material S6). Reacted core offcuts were analyzed by XRD which indicated a total loss of calcite, and formation of a smectite (montmorillonite) phase and kaolinite (Table 1) . It should be noted however that the smaller changes may also be affected by rock heterogeneity. No Ca-sulphate minerals were detected but these were likely below detection.
The solution alkalinity was 109.8 mg/kg as bicarbonate after the N2-water-rock soak. Ex situ measured pH initially decreased from 6.12 to 5.07 after CO2-SO2-O2 gas addition, and was subsequently buffered to 5.61 (Table 3) . Solution conductivity increased after CO2-SO2-O2 gas addition along with the concentration of several dissolved elements including Al, Ba, Ca, Fe, Si, Mn, Mg, S, Sr which subsequently decreased (Table 3 , Figures 6 and 7) . Dissolved Rb increased gradually during the reaction likely from clays (Table 4, Figure 7 ). Dissolved Ca and Mn were strongly correlated from the dissolution of calcite ( Figure 7 ). Dissolved sulphate and chloride concentrations were measured at the end of the reaction to be 1206.7 and 972.0 mg/kg respectively. The solution alkalinity was 109.8 mg/kg as bicarbonate after the N 2 -water-rock soak. Ex situ measured pH initially decreased from 6.12 to 5.07 after CO 2 -SO 2 -O 2 gas addition, and was subsequently buffered to 5.61 (Table 3) . Solution conductivity increased after CO 2 -SO 2 -O 2 gas addition along with the concentration of several dissolved elements including Al, Ba, Ca, Fe, Si, Mn, Mg, S, Sr which subsequently decreased (Table 3 , Figures 6 and 7). Dissolved Rb increased gradually during the reaction likely from clays (Table 4, Figure 7 ). Dissolved Ca and Mn were strongly correlated from the dissolution of calcite ( Figure 7 ). Dissolved sulphate and chloride concentrations were measured at the end of the reaction to be 1206.7 and 972.0 mg/kg respectively. Table 3 . Solution pH and conductivity (ms/cm) during the cap-rock reaction, note this was measured ex situ immediately on sampling. Dissolved element concentrations (mg/kg), and the associated detection limit (DL) and effective detection limit multiplied by the dilution factor (DL*DF). <DL indicated the measurement was below detection. Time zero refers to the sample after the N 2 -water-rock soak. Quench refers to the residual fluid in the reactor after depressurization. The associated error for the analyses by ICP-OES is <5%. 
Modelling the Experiment
The modified mineral reactive surface areas to achieve an improved approximation to the experimental results are given in Table 2 "AsMod". The simulated in situ pH was calculated to decrease to 3.8 and then increase to 4.5 ( Figure 6A ). The experimental dissolved Ca and sulphate Table 4 . Water chemistry sampled during the cap-rock reaction, with dissolved element concentrations (µg/kg), and the associated detection limit (DL) and effective detection limit multiplied by the dilution factor (DL*DF). <DL indicated the measurement was below detection. Quench refers to the residual fluid in the reactor after depressurization. The associated error for the analyses by ICP-MS is <10%. The modified mineral reactive surface areas to achieve an improved approximation to the experimental results are given in Table 2 "AsMod". The simulated in situ pH was calculated to decrease to 3.8 and then increase to 4.5 ( Figure 6A ). The experimental dissolved Ca and sulphate trends were captured by calcite dissolution and gypsum precipitation ( Figure 6B ). The calcite reactive surface area necessitated a decrease to 1 cm 2 /g to approximate the experimental data, which is reasonable given the cementing nature of the calcite would have decreased its available surface area. The predicted sulphate concentration after 720 days is lower than the measured concentration assuming all measured dissolved S was present as sulphate. However it is in better agreement with the measured sulphate concentration at 720 days, this indicates that part of the measured total dissolved total S existed as a different S species, or that the model over estimates gypsum precipitation. Dissolution of a small amount of chlorite, illite, plagioclase, and pyrite/sphalerite were also needed to capture the experimental data; with precipitation of barite, kaolinite, and goethite (Supplementary Material Figure S7 ). The reactive surface areas of chlorite and illite were increased to 7000 cm 2 /g to improve Mg, Al, Fe and Si prediction overall. With dissolution of plagioclase, kaolinite, and K-feldspar additionally contributing to dissolved Si, Al and K. Dissolved concentrations of lower concentration elements such as Si and Fe were however harder to replicate, likely owing to the presence of Fe also in the calcite structure which was not in the calcite used in the model, and potentially the fast release of Fe and Si from ion exchange with clays also not included in the model. Occasional amorphous silica appeared to be present mixed with calcite and may have been another Si source in the experiment. The Si and Al trends were replicated by predicted precipitation of kaolinite ( Figure 6C,D) . Precipitation of kaolinite appeared to be initially overestimated, with predicted concentrations of Si and Al lower than the experimental data (Supplementary Material Figure S7 ). The kaolinite script file was subsequently modified to change the pre-exponential crystal nucleation factor (Г) from 2E10 to 2E11 to improve the prediction (Supplementary Material Table S1 ). Fe-oxide coatings were observed in the experiment, and the decreasing experimental dissolved Fe trend was closest replicated with the precipitation of goethite. Again goethite precipitation appeared to be initially overestimated with a much lower predicted Fe concentration than observed experimentally. The goethite reactive surface area was decreased to 0.0001 cm 2 /g and in the script file Г modified to from 1E10 to 9E10 to improve the predicted trend (Supplementary Material Table S1 ). Hematite was also saturated in the model; however allowing its precipitation resulted in a very low predicted Fe concentration (Supplementary Material Figure S7 ). Generally the precipitation of amorphous or oxyhydroxide Fe minerals would be expected on the short timescale of the experiment, with hematite precipitation over longer timescales, therefore goethite was used for the experiment simulation [45] . Additionally, a smectite (Na-nontronite) was saturated in the model and smectite precipitation observed in the experiment. Allowing its precipitation resulted in a very low predicted Si concentration (Supplementary Material Figure S8 ). This indicates that a small amount of smectite may have also precipitated in the experiment.
Overall the net predicted change in mineral volume was a slight net increase of 1.2% of the initial total volume, indicating potentially a slight decrease in porosity.
Geochemical Modelling of Cap-Rock
Calcite Cemented Cap-Rock
During the upscaled calcite cemented cap-rock reaction with CO 2 -SO 2 -O 2 , pH was buffered to 4.93 after 30 years ( Figure 8A) . Calcite, andesine, pyrite, chlorite and albite were the main minerals dissolving ( Figure 8B) ; with initially gypsum and subsequently anhydrite precipitating along with kaolinite, smectite, hematite, alunite and barite. The amounts of mineral change (<20 cm 3 ) were however small compared to the total rock volume (3735 cm 3 ). Overall there was a slight net increase in mineral volume, owing to the higher molar volume of anhydrite, with only 0.1% change, indicating a slight loss of porosity.
On reaction with pure CO 2 , pH was buffered to 5.32 ( Figure 8C ). Calcite initially dissolved and subsequently re-precipitated as the pH was buffered. Andesine, chlorite, and albite also dissolved; smectite, ankerite, siderite and kaolinite precipitated ( Figure 8D ). Again there was a very slight increase in mineral volume with a 0.01% change, indicating overall a negligible loss of porosity.
Reaction with CO 2 -SO 2 resulted in an intermediate pH buffered to 5.12. Again calcite, andesine, chlorite and albite dissolved ( Figure 8E,F) . Calcite was later re-precipitated, along with formation of smectite, ankerite, pyrite, kaolinite, gypsum and subsequently anhydrite and barite. Table S1 ). Hematite was also saturated in the model; however allowing its precipitation resulted in a very low predicted Fe concentration (Supplementary Material Figure S7 ). Generally the precipitation of amorphous or oxyhydroxide Fe minerals would be expected on the short timescale of the experiment, with hematite precipitation over longer timescales, therefore goethite was used for the experiment simulation [45] . Additionally, a smectite (Na-nontronite) was saturated in the model and smectite precipitation observed in the experiment. Allowing its precipitation resulted in a very low predicted Si concentration (Supplementary Material Figure S8 ). This indicates that a small amount of smectite may have also precipitated in the experiment. Overall the net predicted change in mineral volume was a slight net increase of 1.2% of the initial total volume, indicating potentially a slight decrease in porosity.
Geochemical Modelling of Cap-Rock
Calcite Cemented Cap-Rock
During the upscaled calcite cemented cap-rock reaction with CO2-SO2-O2, pH was buffered to 4.93 after 30 years ( Figure 8A) . Calcite, andesine, pyrite, chlorite and albite were the main minerals dissolving ( Figure 8B) ; with initially gypsum and subsequently anhydrite precipitating along with kaolinite, smectite, hematite, alunite and barite. The amounts of mineral change (<20 cm 3 ) were however small compared to the total rock volume (3735 cm 3 ). Overall there was a slight net increase in mineral volume, owing to the higher molar volume of anhydrite, with only 0.1% change, indicating a slight loss of porosity.
On reaction with pure CO2, pH was buffered to 5.32 ( Figure 8C ). Calcite initially dissolved and subsequently re-precipitated as the pH was buffered. Andesine, chlorite, and albite also dissolved; smectite, ankerite, siderite and kaolinite precipitated ( Figure 8D ). Again there was a very slight increase in mineral volume with a 0.01% change, indicating overall a negligible loss of porosity.
Reaction with CO2-SO2 resulted in an intermediate pH buffered to 5.12. Again calcite, andesine, chlorite and albite dissolved ( Figure 8E,F) . Calcite was later re-precipitated, along with formation of smectite, ankerite, pyrite, kaolinite, gypsum and subsequently anhydrite and barite. 
Mudstone Cap-Rock
On reaction of the mudstone cap-rock with CO2-SO2-O2 the pH increased more gradually to 5.48. Calcite, chlorite, andesine, albite, siderite and ankerite were the main minerals dissolving, with calcite later re-precipitating ( Figure 9A,B) . Kaolinite, smectite, anhydrite and hematite precipitated.
With pure CO2 pH was buffered to 5.56 after 30 years, with calcite, chlorite, andesine, albite, siderite and ankerite dissolution ( Figure 9C,D) . Chlorite and andesine were altered to ankerite and siderite, smectite, and kaolinite.
The pH was buffered to 5.19 on reaction with CO2-SO2, with again chlorite, calcite, andesine and albite mainly dissolving along with siderite and ankerite. Smectite, ankerite, siderite and kaolinite were again formed along with anhydrite and pyrite ( Figure 9E,F) . 
On reaction of the mudstone cap-rock with CO 2 -SO 2 -O 2 the pH increased more gradually to 5.48. Calcite, chlorite, andesine, albite, siderite and ankerite were the main minerals dissolving, with calcite later re-precipitating ( Figure 9A,B) . Kaolinite, smectite, anhydrite and hematite precipitated.
With pure CO 2 pH was buffered to 5.56 after 30 years, with calcite, chlorite, andesine, albite, siderite and ankerite dissolution ( Figure 9C,D) . Chlorite and andesine were altered to ankerite and siderite, smectite, and kaolinite.
The pH was buffered to 5.19 on reaction with CO 2 -SO 2 , with again chlorite, calcite, andesine and albite mainly dissolving along with siderite and ankerite. Smectite, ankerite, siderite and kaolinite were again formed along with anhydrite and pyrite ( Figure 9E,F) . 
Siderite Cemented Cap-Rock
The siderite-cemented cap-rock was based on core from the deeper Cabawin 1 well. Geochemical models for this well were run out to 100 years since deeper sections of the Precipice Sandstone are a more likely target for longer term CO2 storage. The predicted pH was buffered to 5.08 with CO2-SO2-O2 by dissolution of albite, siderite, K-feldspar and chlorite after 100 years ( Figure 10A,B) . Smectite, kaolinite, alunite, and hematite were predicted to be precipitated. With pure CO2, albite, chlorite, Kfeldspar and siderite were altered to smectite, siderite and chalcedony/amorphous silica with pH increasing to 5.10. For the reaction with SO2, the pH increase from 30 to 100 years to 4.94 ( Figure 10E) . Albite, siderite, K-feldspar, chlorite and illite dissolved with siderite and illite later re-precipitating ( Figure  10F ). Smectite, chalcedony, Fe-siderite, kaolinite, pyrite and barite were also predicted to precipitate. 
The siderite-cemented cap-rock was based on core from the deeper Cabawin 1 well. Geochemical models for this well were run out to 100 years since deeper sections of the Precipice Sandstone are a more likely target for longer term CO 2 storage. The predicted pH was buffered to 5.08 with CO 2 -SO 2 -O 2 by dissolution of albite, siderite, K-feldspar and chlorite after 100 years ( Figure 10A,B) . Smectite, kaolinite, alunite, and hematite were predicted to be precipitated. With pure CO 2 , albite, chlorite, K-feldspar and siderite were altered to smectite, siderite and chalcedony/amorphous silica with pH increasing to 5.10. For the reaction with SO 2 , the pH increase from 30 to 100 years to 4.94 ( Figure 10E) . Albite, siderite, K-feldspar, chlorite and illite dissolved with siderite and illite later re-precipitating ( Figure 10F) . Smectite, chalcedony, Fe-siderite, kaolinite, pyrite and barite were also predicted to precipitate. 
Shale Cap-Rock
The shale cap-rock contained traces of calcite which quickly buffered the pH, increasing to 5.08 with CO2-SO2-O2 after 100 years ( Figure 11A ). Albite, chlorite, calcite, siderite and K-feldspar were altered to smectite, chalcedony, anhydrite, barite, kaolinite and hematite ( Figure 11B ). With pure CO2, pH was buffered to 5.24, with albite, chlorite, calcite, siderite and K-feldspar altered to smectite, chalcedony, ankerite, siderite and kaolinite ( Figure 11C,D) . The pH again increased to 5.08 with SO2 present, with albite, calcite, chlorite, siderite and K-feldspar altered to smectite, chalcedony, anhydrite, pyrite, ankerite, siderite, kaolinite and barite ( Figure 11E,F) . 
The shale cap-rock contained traces of calcite which quickly buffered the pH, increasing to 5.08 with CO 2 -SO 2 -O 2 after 100 years ( Figure 11A ). Albite, chlorite, calcite, siderite and K-feldspar were altered to smectite, chalcedony, anhydrite, barite, kaolinite and hematite ( Figure 11B ). With pure CO 2 , pH was buffered to 5.24, with albite, chlorite, calcite, siderite and K-feldspar altered to smectite, chalcedony, ankerite, siderite and kaolinite ( Figure 11C,D) . The pH again increased to 5.08 with SO 2 present, with albite, calcite, chlorite, siderite and K-feldspar altered to smectite, chalcedony, anhydrite, pyrite, ankerite, siderite, kaolinite and barite ( Figure 11E,F) . 
Discussion
Experimental Results and Relevant Comparison Studies
In the experimental reaction of the calcite cemented cap-rock, CO2 dissolved to form carbonic acid, and the co-injected SO2 and O2 dissolved to form a stronger sulphuric acid (Equation (1)).
Calcite dissolution buffering acidity (Equation (2)), and subsequent gypsum precipitation (Equation (3)) were the main reactions occurring.
Ca 2+ + SO4 2− + 2H2O → CaSO4:2H2O
The acid activated corrosion of Fe-rich chlorite (Equation (4)) (and andesine), and formation of kaolinite (Equation (4)) was also occurring. 
Oxidised Fe from chlorite dissolution in the presence of co-injected O2 precipitated as goethite (Equation (5)).
Barite precipitation was observed, with the source of the Ba likely from the calcite or clay structure, and sulphate from the co-injected SO2 (Equation (6)).
There are relatively few published experimental studies reacting rock core with impure CO2 containing SO2 or O2, compared to pure CO2 studies. Renard and co-workers reacted a dolostone with saline brine and a gas mixture of CO2 with small amounts of SO2 O2, N2, and Ar at 150 °C and 150 bar [46] . They observed complete dissolution of calcite (in agreement with our work), with partial dissolution of dolomite and clays, and pyrite oxidation to hematite. Vermiculite clay and barite were precipitated, along with a Ca-sulphate phase, anhydrite, which is more stable than gypsum at the higher temperature employed. With pure CO2 reaction they instead observed formation of the smectite beidellite (from illite alteration), in agreement with the pure CO2 cap-rock models performed here where beidellites were predicted to be formed. Clay and feldspar rich cap-rocks have also been reacted with CO2 containing SO2 and O2 and a low salinity brine at 60 °C and 120 bar [47] . In that case 
Discussion
Experimental Results and Relevant Comparison Studies
In the experimental reaction of the calcite cemented cap-rock, CO 2 dissolved to form carbonic acid, and the co-injected SO 2 and O 2 dissolved to form a stronger sulphuric acid (Equation (1)).
The acid activated corrosion of Fe-rich chlorite (Equation (4)) (and andesine), and formation of kaolinite (Equation (4)) was also occurring. Oxidised Fe from chlorite dissolution in the presence of co-injected O 2 precipitated as goethite (Equation (5)).
Barite precipitation was observed, with the source of the Ba likely from the calcite or clay structure, and sulphate from the co-injected SO 2 (Equation (6)).
There are relatively few published experimental studies reacting rock core with impure CO 2 containing SO 2 or O 2 , compared to pure CO 2 studies. Renard and co-workers reacted a dolostone with saline brine and a gas mixture of CO 2 with small amounts of SO 2 O 2 , N 2 , and Ar at 150 • C and 150 bar [46] . They observed complete dissolution of calcite (in agreement with our work), with partial dissolution of dolomite and clays, and pyrite oxidation to hematite. Vermiculite clay and barite were precipitated, along with a Ca-sulphate phase, anhydrite, which is more stable than gypsum at the higher temperature employed. With pure CO 2 reaction they instead observed formation of the smectite beidellite (from illite alteration), in agreement with the pure CO 2 cap-rock models performed here where beidellites were predicted to be formed. Clay and feldspar rich cap-rocks have also been reacted with CO 2 containing SO 2 and O 2 and a low salinity brine at 60 • C and 120 bar [47] . In that case the pH initially decreased to~2 as only small amounts of carbonate minerals were present to dissolve and buffer pH, chlorite and other silicates also were observed to dissolve. Precipitation of clays and Fe-oxide minerals contributed to a decrease in the meso-porosity of the cap-rocks after reaction. A calcite rich mineral assemblage was reacted at 110 • C with CO 2 and SO 2 by Chopping and Katsuba [48] . They also noted a strong pH buffering from the dissolution of calcite either with or without the co-injection of SO 2 , in agreement with the geochemical modelling in this study. The precipitation of the Ca-sulphate anhydrite trapped dissolved S species at the higher employed temperature in their experiments. The precipitation of gypsum or anhydrite observed in studies co-injecting SO 2 may be significant as these minerals have high molar volumes and can reduce porosity potentially sealing cap-rock, additionally they provide a sink for mineral trapping of SO 2 .
Comparison of Modelling Outputs to Natural Analogue or Field Trial Observations
Modifying and validating geochemical models with experimental or field data by the alteration of parameters such as mineral reactive surface areas have been performed by several authors, while other researchers have employed adjustments to other model parameters e.g., using an adjustable incongruent factor especially where the exact dissolving mineral composition is not known or not available for input [4, 27, 31, 49] . Since model outputs are subject to the amount of available input data and user selection, comparing model outputs to natural analogues of CO 2 storage is useful to determine if the outputs are reasonable.
In the longer term cap-rock reaction models performed here with pure CO 2 or SO 2 -CO 2 calcite was dissolved, with gypsum or anhydrite formed when SO 2 was co-injected. K-feldspar and plagioclase was converted to kaolinite and chalcedony (Equations (7) and (8)), or smectite formed from e.g., plagioclase (Equation (9) 
Chlorite was converted to siderite or ankerite (with Ca from calcite or andesine dissolution) mineral trapping CO 2 (Equation (10)). These minerals contain Fe 2+ formed in reducing conditions. 
In the presence of CO 2 and SO 2 , formation of pyrite was predicted in the reducing conditions from long-term reaction with dissolved Fe from Fe-bearing minerals (chlorite, siderite) in the calcite cemented, siderite cemented, shale and mudstone cap-rocks (Equation (11) 
In the long-term cap-rock models with CO 2 , SO 2 and O 2 the oxidizing conditions resulted in predicted formation of minerals containing oxidized Fe 3+ including hematite and nontronite, and also sulphate minerals including alunite (Equations (12) and (13) 
Sites of natural CO 2 accumulation or "natural analogues" give unique insights into the long term CO 2 -water-rock reactions in various reservoir or cap-rock types [50] . In the siliciclastic Ladbroke Grove Field, Australia, Fe-rich chlorite was altered to siderite, and calcite or plagioclase altered to ankerite/Fe-dolomite by naturally occurring CO 2 and CH 4 [51, 52] . Kaolinite and quartz were also precipitated with local porosity maintained or slightly increased. Higgs and co-workers demonstrated that while the reservoir showed localized porosity generation, tighter rocks (such as cap-rocks) in the CO 2 -rich Kapuni Field, New Zealand, tended to undergo kaolinite or carbonate cementation reducing porosity and permeability [53] . They observed dissolution of K-feldspar and plagioclase, and kaolinitisation of mica. Formation of illite/smectite, siderite, ankerite, calcite, ferroan dolomite and quartz cement occluded porosity.
Exhumed sandstones in or near Green River, USA, have been altered by leaking CO 2 ± CH 4 or H 2 S bearing fluids [28] . Alteration of K-feldspar to kaolinite and illite, dissolution of Fe-hydroxide grain coatings, and precipitation of ferroan carbonates (Fe-dolomite, ankerite or siderite) and Fe-oxide were reported in the Navajo Sandstone, Utah by CO 2 -CH 4 bearing fluids [50] . CO 2 -H 2 S leakage at Green River has altered cap-rocks with the dissolution of K-feldspar, dolomite and hematite locally increasing porosity [6] . The precipitation of ferroan dolomite, gypsum, Fe-oxides, pyrite, Cu-sulphides and illite/smectite over centimeter scales has then decreased the porosity.
The Madison Limestone on the Moxa Arch, USA, has been exposed to supercritical CO 2 , H 2 S and dissolved sulphate and hydrogen sulphide over 50 million years [54] . Secondary anhydrite, pyrite, and native S has reportedly filled porosity in dolomite, and calcite is also present. Analcime and dolomite re-precipitation was also reported. The CarbFix project in Iceland has sequestered CO 2 and H 2 S from a geothermal power plant into basalts [17] . Mineral trapping of CO 2 as calcite and siderite has been reported, along with trapping of S as pyrite. Chalcedony, analcime and kaolinite were also saturated in sampled fluids.
Our predicted mineral alterations are in good agreement overall with natural analog studies above, predicting alteration of plagioclase, chlorite, and carbonates, and precipitation of ferroan carbonates, kaolinite, smectite, pyrite and gypsum/anhydrite ± Fe-oxides. The long-term predictions of cap-rock reactivity reported in our study did not result in significant predicted changes to porosity, expected to be favorable for cap-rock integrity. However, while mineral trapping of CO 2 as siderite or ankerite was predicted for pure CO 2 or CO 2 -SO 2 reactions; when O 2 was present in the gas mixture mineral trapping was generally not predicted. Instead smectites, sulphate minerals and Fe-oxides were predicted to form. In simulations of a reservoir scale CO 2 injection field trial (CO 2 containing 50 ppm O 2 ) into the Frio Sandstone, dissolution of calcite and oxyhydroxides and precipitation of dolomite, ankerite, kaolinite, nontronite and montmorillonite were predicted [55] . The predicted changes in porosity were also low over 1000 years at~0.002 vol % in reasonable agreement with our study. Our results generally are also in agreement with Gaus and co-workers who predicted only a very small decrease in the porosity after CO 2 reaction of a clayey cap-rock at Sleipner, which may improve the sealing capacity in the lowest meters [56] . Seismic observations after a CO 2 injection field trial at Sleipner, and associated modelling, have shown growing CO 2 accumulations under thin (~1 m) mudstone beds in the Utsira sand [57] . This is also evidence for the field scale integrity of mudstone toward CO 2 reaction. However, reactive transport modelling of CO 2 and H 2 S or SO 2 reaction with a saline sandstone reservoir by Xu and co-workers resulted in more significant predicted changes to porosity, with increases in the reservoir, and decreases in the far field from precipitation of carbonates, alunite, anhydrite and pyrite [58] . Although the magnitude of porosity change is less in our study (which may be somewhat site specific), the minerals predicted to form with co-injection of impurities are in agreement.
Significance
The cap-rock lithologies studied here are generally representative of many cap-rocks worldwide. The experimental results, and long-term modelled cap-rock reactions with dissolved pure CO 2 , CO 2 -SO 2 or CO 2 -SO 2 -O 2 show mineral alterations but no significant net porosity changes are predicted. This is favorable as it indicates CO 2 seal integrity is not likely to be significantly affected by mineral corrosion from acid gases. It should be noted however that while initial generalizations can be made, changes will be site specific and predictions are limited by available data. This and other studies show that in more mineralogically reactive formations, co-injected SO 2 can be expected to be sequestered as minerals including pyrite, anhydrite/gypsum, barite, and alunite. For the Evergreen Formation cap-rocks studied here predicted siderite and ankerite precipitation mineral trapped CO 2 for pure CO 2 or CO 2 -SO 2 reactions. However, for the CO 2 -SO 2 -O 2 reactions siderite and ankerite were not predicted instead oxidized Fe minerals, Fe-oxides and nontronite were formed. In sites where ferroan carbonates, rather than calcite, are predicted to be the mineral traps for CO 2 , this suggests that a limit would be needed on co-injected O 2 content to optimize mineral trapping. In all predictions performed here smectites were formed. These have relatively high CO 2 sorption capacities, and their formation may be favorable for providing additional storage potential through gas sorption.
Potential Issues, Limitations, and Future Work
Although our study predicts only minor changes in net porosity, minerals were altered. The alteration of minerals may result in rock mechanical property changes. Hangx and co-workers (2013) reported no change in mechanical properties or rock strength of calcite cemented cap-rock as the framework grains were not dissolved on the experimental CO 2 -brine reaction timescale [59] . However they noted that longer term dissolution of silicates or precipitation of minerals may affect these parameters. In addition, other parameters such as cap-rock hardness could be altered by e.g., replacement of K-feldspar (Mohns hardness of 6) by kaolinite (hardness of 2). Arman and co-workers reported recently a decrease in sandstone or siltstone drill core toughness and hardness after CO 2 -brine reaction, which could affect the mechanical properties of cap-rock [60] . Other potential site specific questions related to storage reservoirs have not been addressed here, e.g., acidification near the wellbore, release of trace metals from pyrite oxidation or Fe-oxide reduction, fines migration and its effect on permeability etc. Future work is suggested on coupled geochemical, petrophysical and mechanical parameter changes to reservoir or cap-rocks via experimental CO 2 -fluid reactions, field injection studies, and natural analog studies, especially for O 2 co-injection Further studies of natural analogue sites, especially those where S or O 2 bearing fluids where present with CO 2 , are suggested to understand alterations on a geological timescale. The Surat, Bowen, and Eromanga Basins have recently been shown to have previously undergone natural CO 2 alteration especially around faults, this deserves further work to understand the long term potential for CO 2 storage mineral trapping and metal sequestration [61, 62] . The models performed here were limited by the availability of data on the Evergreen Formation in the central and southern Surat Basin. For the Surat Basin, further data is needed on the reservoir and cap-rock especially in the deeper central basin areas including mineralogies, porosities and permeabilities of drill core to populate predictive models. Uncertainties also remain around the expected temperature in the region of the plume, since several field studies globally have reported significant cooling below reservoir temperature which persists over long time scales, this would have an effect on the reaction rates.
Conclusions
• Experimental CO 2 -SO 2 -O 2 reaction of calcite cemented cap-rock resulted in calcite dissolution and chlorite corrosion, pH buffering and gypsum, barite, goethite and clay precipitation.
•
To model the experimental data, reactive surface areas needed for calcite cement were low at 1 cm 2 /g, and high for silicates including plagioclase (300 cm 2 /g) and clays chlorite and illite (7000 cm 2 /g).
Upscaled longer-term calcite cemented, siderite cemented, mudstone or shale cap-rock reactivity models predicted minimal net changes to porosity, favorably indicating cap-rock integrity was likely not significantly affected at these conditions.
• Smectite formation was predicted in all the long-term reactions, smectite has a high CO 2 sorption capacity, favorable for trapping.
Mineral trapping of CO 2 as siderite and ankerite was only predicted to occur with pure CO 2 or CO 2 -SO 2 . With O 2 present, smectites, sulphate and oxide minerals were instead predicted to form. A limit on the O 2 content co-injected may be needed to optimize CO 2 mineral trapping, the most secure form of storage.
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